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N)  systems.  BecanseofdieinGxeasedqieedanddensi^duaacoom^ydijecontinoing  sealing  of  VLSI 
^  technologies,  digital  means  of  processing,  communicating  ara  stoi^g  information  are  nqiidly 
^  (dsplacingtii^  analog  countapaits  across  a  broadening  spectrum  crfqylicMons.  In  sndi  systems,  die 
^  linmatkws  on  system  peiforaaaneegenerainy  occur  at  die  interfaces  between  die  digital  rqaesentadon  of 
/  infonnation  and  die  analog  environment  m  ^idiich  die  system  is  embedded.  Specific  remits  of  diis 
research  indnde  die  desigrand  inqilemaitatioo  <rf  low-poorer  BiCMOS  oomparatoiruid  sanyle-andr 
^  hold  an^^hfiea  operating  at  <jock  rates  as  hi^  as  200  MKc,  die  design  and  integndoQ  of  a  12-hU,  5- 

MHz  CMOS  A/D  cwwqter  enytoying.ajtyo^d^  ardntectnre  andanoi^  sdf^calijbrei^ 
the  design  and  integration  of  an  optoelectronic  communmatfons  receiver.  fiKM-end.in  a  GaAs-on-Si 
tedindo^,  die  initiation  of  resreidi  innrdie  use  of  an  amivirsiiioon'snbstrBtopn^oard  for  f^ 
testing  higfa-peiftraianoe  mixed-agnal  efaedts  at  the  wafer  ievd,  and  a  preihninaiy  stu^  of  means  for 
cortecting  dynamic  errors  in  high-penBonnance  A/D  conveitets..  r . . 
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PROBLEM  STUDIED 

/ 

Ai  a  consequence  of  the  inoBaaed^teed  and  denriiy  that  acoocopany  die  continuing  >aJing 
of  VLSI  techiKilogies,  digital  means  of  iHoceaing^oomniunicating  and  storing  infonnation  are 
nqndly  di^lacmg  dieir  analog  countearpaits  across  a  broadening  qiectrum  of  q;>plicaticns. 
Moroover,  increases  in  die  cqMdty  to  process  infoimation  have  stimulated  corresponding 
increases  in  the  demands  for  communications  bandwiddL  In  geroral,  digital  signal  processing 
and  oommnnicadoos  systems  provide  enhanced  noise  immunity,  precisicm  and  flexilnlity  in 
coa^arison  widi  analog  altenutives.  In  addition,  they  are  easier  to  design  and  test,  and  they 
inorecfftcrivdy  exploit  progress  in  automation  of  the  design  <rf  digital  integrated  circuits. 

In  systems  wherein  infbnnatiQn  is  rqnesented  digitally,  the  limitatitms  on  system 
performance  generally  occur  at  die  interfaces  between  this  representation  and  die  analog 
envirtMunent  in  whidi  die  system  is  embedded.  Examples  oi  such  interfaces  include  those 
between  digital  and  analog  electronic  signals,  as  wdl  as  between  optical  and  electionic  means 
of  representing  data.  Because  digital  signals  can  be  processed  with  virtually  arbitrary 
isedskm,  die  emergence  of  powerful  digital  signal  processors,  coupled  with  increases  in  die 
availaUe  communicadmis  bandwidth,  has  srimnlated  the  damand  far  faster  and  more  precise 
data  conversion  interfaces.  Even  as  anakij/digital  and  optoelectnmic  interfaces  become  a 
diminishing  fraction  of  the  hardware  conquising  an  overall  system,  diey  bear  an  increasing 
reqxxiabiUty  for  die  limitations  cm  ^steins  performance. 

This  research  program  has  focused  cm  studying  fundamental  issues  in  the  design  and 
testing  of  high-performance  data  conversion  interfaces  for  VLSI  signal  processing  and 
commonications  systems.  Specific  areas  of  exploradtm  include  the  study  of  basic  circuit 
functions  for  digitizing  signals  with  bandwiddis  above  100  MHz,  research  into  die  ^sign  of 
MHz-lxuidwidth  predsioa  A/D  converters  for  applications  such  as  radar  imaging  and  wirel^ 
communicaticms,  an  investigaticm  of  monolithic  GaAs-tm-silicon  technology  for  use  in  the 
implementatimi  of  optoelectnxiic  receivers  in  optical  fiber  communications  systnns,  research 
into  means  of  fuUy  testing  hij^qieed  circuits  at  die  wafer  level  uting  a  silicon  substrate  probe 
card,  and  the  initiation  of  research  into  the  correction  of  dynamic  errors  in  hi^-resoluti<Mi  A/D 
converters.  iooession  For 
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SUMMARY  OF 


•RTANT  RESULTS 


H^-Spe^  BiCMOS  Comparison  and  Samiding  Circuits 

Research  in  diis  pn^ram  hu  addressed  ardhitectural  issues,  goieric  circuit  functions  and 
tedinology  oooddenoions  fir  the  design  and  inqdemeotatioo  of  a  variety  high-perfcnnance 
damcoovenion  imetflices  im|deniented  in  VLSI  techndogies.  In  pait,  die  program  provided 
fir  die  compierion  of  researdi  into  fhndamrntal  circuit  functions  needed  fir  anatog-to^gital 
conversion  at  tales  above  100  MHz.  This  worit  culminated  in  the  design  of  a  novel  BiCMOS 
charge-steexing  comparator  that  pcffirms  8-bit  conqiarisons  at  rates  as  high  as  200  MHz  and 
the  design  of  an  8-bit,  200-Mib  CMOS  aangde-and-hold  drcnit  wherein  hfiller  feedbadr  is 
used  to  ocoopensate  fir  chatge-iiQection  exnrt  in  the  consdtnent  MOS  switches. 

The  basic  fhncdon  of  a  conqwntcr  is  diat  of  providing  amplification  sufficient  to  generate 
digital  ootpm  levels  rqresentadve  of  die  pedarity  of  small  difEerenoes  between  two  analog  iiynt 
signals.  This  anqilificatUm  need  not  be  linear  nor  ctmtinuons  in  time.  However,  fir  use  in 
qiplicadons  sudi  as  digitizing  video  and  hi^ier  bandwiddi  signals,  the  amplification  must  be 
accompUshed  as  fhst  as  possible  at  an  economy  of  power  and  diip  area.  Eailier  researdi 
suggested  dun  among  die  various  approaches  to  comparatar  deagn,  die  nmnimum  dday  and 
power-delay  product  could  best  be  addeved  by  obtaining  die  required  anplificadon  through 
regeneration.  Researdi  into  die  CMOS  inqilementation  of  regenerative  cooqparators  revealed 
difficulties  such  as  relatively  large  hqwitcapacitanoe,  poor  rejection  of  coinmon-inoctetranaents 
at  die  uqnits,  and  dodc  feedduon^  within  die  regenerative  anqilifiers.  In  reqx»se  to  diese 
limitations  we  began  to  eiqikre  the  use  BiCMC^  tedindogy  for  the  inqilementation  ctf  high- 
qieed,  low-power  oonqiantorB. 


The  research  into  die  coiqiariscm  function  led  to  the  successful  design  and  implemrotation 
of  a  KCMOS  coonparator  wherein  MOS  sanqiling  switches  at  the  input  are  combined  with  a 
cross-ooiqiled  bipolar  differential  pair  that  inovides  xegoietative  anqilification  by  means  of 
chaige  steering  [1].  During  sampling  of  dwiiqnits,  the  bipolar  pair  is  held  inactive  by  opoiing 
its  common  emitter  node,  dins  keqiing  die  base  currents  at  zero  while  die  sanqded  iiput  signals 
estaMish  an  imbalance  betweoi  the  base  nodes.  The  sampled  input  imbalance  is  then  amplified 
by  using  MOS  switdies  and  (apacitors  to  transfer  a  fixed  amount  of  chaige  through  die  bipolar 
pair  fiom  dieir  common  emitler  node  to  the  collector  ouqiots.  The  bipolar  pair  dissipates  no 
static  power,  nor  (toes  it  drain  (xment  fixxn  the  capadtors  (m  which  the  input  saoples  are 
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ttoied.  The  ooUedon  of  the  pair  are  oosa'Coupled  to  the  bases  means  oi  ac  coupling 
capaction. 

An  etqpeiimental  implementaticm  of  the  charge-steering  comparator  was  integrated  in  a 
1-pm  BiCMOS  tecfanolQgy.  The  diorough  characterization  this  prototype  demmistiated  that 
it  provided  comparisons  with  a  resohitkm  of  8  bits  at  rates  as  high  as  200  MHz.  The 
comparator  operates  from  a  single  S-V  supply  and  dissqNUes  only  1.6  mW  at  the  coaq>arison 
rale  of 200  MKe. 

While  die  duon^qait  of  high-iqieed  A/D  converters  is  typically  Kmited  by  die  rate  at  which 
comparisons  can  be  performed,  the  signal  bandwidth  diat  can  be  digitized  at  a  specified 
ptedsion  is  governed  by  the  speed  and  precision  widi  which  the  analog  iiqiut  can  be  sanqiled. 
In  fiiUy-paraDel  (flash)  A/D  converters,  die  use  of  an  irqnit  saiqile-and-hold  drcuit  circumvoits 
problems  arising  from  die  sensitivity  of  the  ctmversioo  to  mismatches  in  clock  distribution  to  a 
large  number  trfcQgparators  and  mismatdies  in  ddbiydaou^  die  comparator  input  stages.  In 
multistqi  converter  architectures,  the  need  far  an  iiqiut  sairqile-and-hold  circuit  is  even  more 
inyortant  because  of  die  delays  associated  widi  quantizing  die  iiyut  in  two  or  mote  stages. 

In  general,  open-loop  architectnies  [xovide  the  fastest  inqilementation  oi  die  sanqiling 
frmcdon.  However,  charge  injectkm  errors  and  anqilifier  offsets  in  conventional  open-loop 
sanqile-and-hold  circuits  qipear  uxuttenuated  when  referred  to  die  ii^nt,  diereby  limiting  die 
ptecisUm  duu  can  be  achieved,  hi  high-agieed  iqylicaiions,  the  need  for  maximum  acquisition 
bandwidth  dictates  the  use  of  a  large  sanqiling  switdi  together  widi  a  small  hold  ciqiacitance 
and  fast  clock  transidons.  However,  diese  cooditioos  result  in  large  pedestal  offsets  in  the  hold 
mode  as  a  consequence  of  sanqiling  switch  charge  injection  onto  die  hold  cqiacitance. 
Therefore,  in  order  to  meet  the  increasingly  stringent  performance  requirements  for  high-speed 
data  conversion  circuits  inplemented  in  VLSI  technologies,  research  in  this  program  was 
devoted  to  inoeasing  die  precision  of  open-loop  sanqile-and-hold  circuits  without  significandy 
reducing  the  sanqiling  rate  or  bandwidth.  This  work  led  to  a  new  method  of  improving  die 
resolution  oi  an  qpen-lotqi  sanqiling  circuit  without  the  need  for  either  precision  capacitors  or 
an  increase  in  oqMcitor  size. 

In  the  proposed  qiptoach  to  open-loqi  saixqiling,  the  analog  input  is  sanqiled  onto  an 
equivalent  hold  capadtancediat  is  small  doting  die  sampling  mode  but  is  increased  during  the 
hold  mode  by  means  of  Miller  feedback  [2].  An  eiqierimental  circuit  demonstrating  this 
qiproadi  was  designed  and  integrated  in  a  1  -pm  (!MOS  technology  and  was  shown  to  provide 
an  qtder-<rf-magnitiKie  reduction  in  the  pedestal  offset  due  to  charge  injectimL  Theprototype 


Mo^lMad^ioid  dicdt  is  capitate  of  lanqUing  a  vdtafe  iiqiMit  at  a  incisioii  of  8 
acy tiiitioii  tiiPB  of  S  pace. 

Salf-CattbrsliBg  High-R^otloB  Coroppritora 

Fb&y  pandlel,  or  fladi,  aicUtecPaes  farawide  the  fittest  flaeans  of  digitizing  analog  signals. 
However,  ahioe  fladi  fopedogies  leqoiie  ^  enmparaion  to  achieve  n-bit  lestdation,  they  are 
nocnaelhlfiorobiaiidnf  a])reciskmafmoRthan8ar9bits.  Toaddeveareadntioactfatleast 
12  bits  at  die  oonverskm  rates  above  a  few  MHz,  sooae  form  of  nuddstep  or  subranpng 
architecture  is  Qf^cally  used.  Miniinaiy  results  ofreseaidi  in  diis  program  suggested  diat  an 
efiGBcdve  qpproadi  to  adueving  12-bit  resolntkn  at  die  highest  possible  speeds  was  a  two-step 
ardiitectnre  in  whidi  stringent  requheoaents  are  placed  die  second-stage  coinparators  in  order  to 
ease  die  denaands  on  the  remaining  analog  cheuits.  For  dus  reason,  consideralde  effort  was 
devoted  to  the  design  of  fest,  self-calibrating  cooqiarators  in  both  CMOS  and  BiCMOS 

For  applicatioos  in  high-resolution,  high-qieed  data  conversion,  a  self-calibrating 
comparator  was  designed  and  intq;rated  in  a  2-pm  BiCMOS  technology  [3,4,7].  In  diis 
comparator,  low-offoet  bqxdar  devices  are  coodnned  widi  CMOS  offset  cancellatioa.  One 
stage  of  preampHfication  is  followed  by  offset  storage  capacitors  and  two  stages  of 
regeneration.  Bipolar  devices  are  used  in  bodidwpreaniplifief  and,  more  irrqxatandy,  die  first 
r^eneradveannpltfier  to  miniinizedieir  inherent  oftet  due  to  cooaponent  mismatch  and  dicreby 
reduce  the  gain  required  in  die  preanqiHfier.  The  first  stage  of  regeneradon  is  aoconaplished 
u»ng  a  charge-steering,  emitter-coiqiled  pair  of  l^xdar  transistors  in  a  manner  similar  to  dut 
used  in  die  200-MHz  BiCMOS  design  described  above.  The  eagierimenud  inylementatioD  of 
diis  design  enqiloyed  a  fnlly-differentiai  toptdogy  and  diss^wted  only  1.7  mW  femn  a  single 
S-Vsiqiply.  ltadiievedaresolutionof200p.Vataoopq)atisoprateof  lOMEfe. 

A  novel  fuUy-CMOS  conoparator  was  also  designed  to  achieve  resolution  on  the  order  of 
12  bits  at  coavatison  rates  of  at  least  several  MHz  [4,7,8].  In  conqnrison  with  BiCMOS 
designs,  the  large  offirets  characteristic  of  CMOS  regenerative  soise  anqilifios  present  a 
dxfficult  protdem.  In  ccmventional  CMOS  designs  the  influence  of  large  offsets  in  die 
regenerative  stages  is  overcome  tiaough  the  use  a  high-gain  preamidifier  that  limits  die  rate 
at  wlddi  conqiarisons  can  be  performed.  This  research  resulted  in  a  novel  ctmpatator 
topologgr  wherein  offirets  in  bodi  die  preamplifier  and  the  subsequent  regeneradve  latch  are 
canoded  so  as  to  sigidficandy  reduce  die  demands  cm  the  preamplifier.  An  eperimental 
impfemratatioo  of  dre  architectnre  was  imegrated  in  a  l-pm  CMC^  tecdinology  at  Nadonal 
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ScodooodD^  and  shown  to  adikve  an  offKt  of  oofy  300  at  a  oomparuon  niB  cf  S  MHz, 

diiidpating  1.8  mW  fitom  a  single  5-V  siqiply. 

12*bit,  5-MHz  CMOS  A/D  Converter 

The  sdf-calibradng  CMOS  coiqpaiatar  served  as  one  of  the  essential  conqionents  in  Ae 
design  of  a  12-bit,  S-MHz  analog-to-digital  converter.  Tliis  converter  is  based  oa  a  two-stq;> 
half-flash  architecnue  C(»sisting  of  a  7-bit  coarse  flash  stage,  a  7-bit  capacitance  D/A 
converter,  a  unity-gain  subtracter,  and  a  6-bit  fine  flash  stage.  One  bit  ovetli^  between  die 
two  stages  is  used  to  idax  die  perfoimance  leqimed  of  die  first  stage  comparators,  and  <»ly  the 
ccHiqmrators  in  the  second  stage  need  resolve  differences  as  small  as  0.5  LSB  of  the  overall 
converter.  Offsets  are  canceled  in  both  the  first  and  second  stage  conqiarators  on  every 
cooparisoo  cyde.  The  use  ofoflEtetcancellarioo  on  every  cycle  serves  to  attennate  die  effect  of 
flicker  ndse  at  die  comparator  iiqints. 

A  folly  differential  unplementation  of  die  two-stq>  A/D  converter  was  integrated  in  a  1-pm 
CSdOS  tedmology  at  National  Semioondnctor.  Experimental  measurements  «rf  diis  converter 
confirm  that  it  provides  a  restdudon  of  12  bits  at  sanqiling  rates  as  hi^  as  5  MHz,  while 
dissipating  only  200  mW  fiom  a  sinj^  5-V  sqiply. 

Mondithic  GnAs-oa-Si  for  Flber-Optie  Communications 

As  die  demand  for  communications  bandwiddi  in  high-performance  systems  continues  to 
grow,  optical  interconnections  become  incteasin^y  attractive,  even  for  local  intercminects  and 
at  die  board  leveL  However,  if  c^tical  fibers  are  to  be  used  for  local  interctuinections, 
substantial  inqROvenmts  must  be  made  in  die  transceiver  electronics  with  respect  to  power 
dissipation  and  cost,  as  well  as  sensitiviy  and  bandwiddL  Rrogress  in  die  ability  to  sdectivdy 
grow  epitaxial  GaAs  films  cm  siliccm  sutetrates  offers  one  means  of  providing  such 
improvements. 

The  mtmolithic  integration  of  an  optoelectronic  photodetector  together  with  a 
transimpedance  receiver  offers  die  potential  benefits  of  increased  bandwidth,  improved 
sensitivity,  and  reduced  power  dissipation.  However,  while  the  optical  properties  of 
oonqxxmd  semicondnctots  make  dwm  the  materials  of  choioe  for  optical  detectors,  silictm  is 
die  piefened  material  for  the  subsequrot  processing  of  dectronic  signals.  The  selective  growdi 
(rf  OaAs  films  on  a  silioon  substrate  makes  it  possiUe  to  mage  QaAs  and  silicmi  devices  on  a 
common  substrate.  To  explore  die  potential  cf  such  an  qiptoach,  a  monolidiic  GaAs-on- 
sOioon  teduxdogy  was  developed  wteein  conqxMmd  semicooductor  ^vices  could  be  formed 
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on  a  sOkoD  iidMinie  in  a  fiuhion  ooaq>ttible  with  iittegratioii  <tf  both  bipolar  and  MOS  devices 
indiatsidMtiate. 

The  research  into  QaAsKm-silioon  technology  resulted  in  the  successful  design  ami 
inf>lmMwtatk«  of  an  optoelectronk  receiver  front  end  in  whidi  a  GaAsmetal-seauconductor- 
metal  phoiodetector  was  im^rated  on  a  snbsteste  containing  a  silicon  Mptriar  transimpedance 
preamplifier  [64^].  Eaqterimental  measurements  confirm  that  the  GaAs  diodes  were  fabricated 
without  distnibing  the  characteristics  of  the  undetfying  silicon  devices.  The  pulse  respcMise  of 
the  eaqperimental  receiver  is  less  than  SSO  psec  FWHM. 

hi  hiflii-baiidwidth  qipbcadons  a  tnBisi]x;)edance  architecture  is  usually  used  for  the  design 
of  optical  receiver  preanqilifiers.  However,  in  conventimal  tiansinapedance  designs  there 
exists  a  tradeoff  that  limits  die  adiievable  performance  because  both  die  input-iefened  noise 
and  the  receiver  bandwiddidqiead  on  die  feedback  resistanoe.  If  this  lesiAance  is  increased  to 
lower  die  input-referred  nmse  and  improve  the  receiver  sensitivity,  then  there  is  a 
corresponding  reduction  in  the  receiver’s  bandwidth.  In  this  research  a  novel  pole-zero 
cancellatuMi  tedinique  was  devised  whereby  the  influmioe  of  the  pole  at  die  input  of  the 
preamplifier  is  greatly  reduced.  The  receiver  bandwidth  is  dien  no  longer  inversely 
proportional  to  the  feedbadc  resistance.  The  cancellation  ci  die  pole  at  the  input  of  the 
preamplifier  is  acconqilished  by  introdiming  a  pole  in  the  feedback  network  of  the 
transiirqiedanoe  amplifier  dutt  acts  as  a  zero  in  die  anqdifier’s  closed-loop  response.  Theinput 
pole  can  dius  be  canceled  simply  by  qifsopriatdy  positioning  die  feedback  pole. 

The  input-pole  cancellation  tedinique  was  demonstrated  eiqierunentally  in  the  design  of  a 
CMOS  preanqilifier.  Two  amplifiers,  one  a  conventional  design  and  the  other  enqiloying 
input-pole  cancellaticm,  were  integrated  in  a  2-pm  CMOS  technology.  Measuremoitsof  diese 
circuits  confirm  that  the  input-pole  cancellation  provides  mme  than  a  factmr  of  three 
improvement  in  bandwiddi  for  die  same  noise  performance.  Alternatively,  fm*  the  same 
bandwidth  the  sensitivity  of  the  preanqilifier  can  be  inqnoved.  Although  the  cancellatimi 
technique  was  demonstrated  in  a  CMOS  circuit,  it  is  equally  qqilicable  to  Inpolar  and  OaAs 
drcuits. 

Active  Sobstrate  Probe  Card 

As  die  internal  peifocmance  of  integrated  drcuits  continues  to  improve  with  the  scaling  of 
VLSI  technology,  the  pmalties  associated  widi  driving  signals  off  chip  increasingiy  limit 
overall  system  perfonnance.  In  reqionse  to  diis  dilemma,  some  finm  of  multichip  module 
tedinology  seons  likely  to  become  the  p«gfaiging  technology  of  choice  for  high-speed  digital 
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and  mixed-signal  systems.  However,  MCM  padoiging  requiies  that  circuits  be  fully  tested  at 
the  wafer  level,  prior  to  package  assembly.  In  conventional  test  systems  this  is  virtually 
iiiqx»sible  to  accoiiq>lish  because  of  die  large  physical  dimensions  the  system  and  the 
associated  parasitic  conqiionents.  Therefore,  substantial  improvements  in  the  interfaces 
between  the  device  under  test  (DUT)  and  the  automatic  test  equipment  will  be  required.  Indus 
program  we  began  to  explore  means  of  achieving  such  inqmyvements  by  placing  the  *‘pin” 
dectronics  as  physically  close  to  die  DUT  as  possible,  thereby  minimizing  the  interconnect 
parasidcs  between  die  test  etoctronics  and  die  DUT. 

The  research  in  this  program  focused  <»  in^iroving  die  accuracy  of  hi^-speed  testing  at 
the  wafer  levd  integrating  active  test  circuits  in  a  silicon  substrate  probe  card,  in  close 
proximity  to  the  die  under  test  In  the  initial  phase  of  diis  researdi,  a  high-speed  linear  buffer 
was  designed,  and  is  being  integrated  in  a  prototype  silicon  substrate  probe  card,  in  order  to 
decouple  die  interccmnect  loading  from  die  DUT.  By  matching  the  output  inqiedance  of  the 
buffer  to  the  transmission  line  of  the  test  system,  multiple  rdlections  and  the  resulting  timing 
measurement  enors  can  be  eliminated.  The  initial  buffer  design  comprises  a  cascade  of  two 
CMOS  attenuators,  three  bipolar  emitter  followers,  and  a  class  AB  output  stage.  Active 
feedback  is  used  in  the  ouqiut  stage  to  inqirove  its  linearity.  The  circuit  is  capable  of  driving 
50-0  transmission  lines  and  is  expected  to  track  DUT  waveforms  with  bandwidths  as  hi^  as 
400  MHz. 

Calibration  of  Dynamic  Errors  in  High-Resolution  A/D  Converters 

The  resolution  of  precision  A/D  converters  often  degrades  with  increasing  signal 
frequoicy,  e^iecially  for  ctmverskm  rates  approaching  the  maximum  achievable  in  a  pven 
technology.  While  methods  of  correcting  static  errors  in  precision  data  converters  have  found 
widespread  use,  it  ranains  unclear  as  to  where  similar  techniques  can  be  devised  fex  correcting 
dynamic  errors.  Therefore,  in  the  final  year  of  this  program  research  was  begun  into  dynamic 
error  correction  methods  for  multistep  A/D  converters.  The  initial  tasks  undertaken  in  this 
effort  have  been  research  into  whether  signatures  can  be  found  for  dynamic  errors  and  an 
exploratioa  of  statistical  calibraticm  and  nxxteling  techniques  for  dynamic  error  conectioiL  In 
addititm,  a  12-bit,  multistep  A/D  converter  designed  at  National  Semiconductor  has  been 
modified  in  such  a  fiishimi  as  to  allow  its  use  in  the  eiqierimental  investigation  of  dynamic  error 
correction  algorithms. 
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